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ABSTRACT
Validity of Holocene Analogs for Ancient Carbonate Stratigraphic Successions:
Insights from a Heterogeneous Pleistocene Carbonate Platform Deposit
Colby S. Hazard
Department of Geological Sciences, BYU
Master of Science
Observations of modern carbonate depositional environments and their accompanying
depositional models have been used for decades in the reconstruction and interpretation of
ancient carbonate depositional environments and stratigraphic successions. While these
Holocene models are necessary for interpreting their more ancient counterparts, they inherently
exclude important factors related to the erosion, diagenesis, and ultimate preservation of
sediments and sedimentary structures that are ubiquitous in shallow marine carbonate
environments.
Andros Island, Bahamas is an ideal location to examine the validity of Holocene
conceptual models, where geologically young (Late Pleistocene) limestones can be studied
immediately adjacent to their well-documented modern equivalents. For this study, two 3D
ground-penetrating radar (GPR) datasets (200 MHz and 400 MHz) were collected at a
schoolyard in northwest Andros. These surveys reveal the geometries and internal characteristics
of a peloidal-oolitic sand wave and tidal channel in unprecedented detail. These two prominent
features are underlain by low-energy lagoonal wackestones and packstones, and are bordered
laterally to the northwest by wackestones-packstones intermixed with thin sheets of peloidaloolitic grainstone. A deeper radar surface is observed at approximately 6 m depth dipping gently
to the west, and is interpreted to be a karstified exposure surface delineating the base of a
complete depositional sequence. Interpretation of the 3D radar volumes is enhanced and
constrained by data from three cores drilled through the crest and toe of the sand wave, and
through the tidal channel.
This study is the first of its kind to capture the complex heterogeneity of a carbonate
depositional package in three dimensions, where various depositional environments, sedimentary
structures, and textures (mudstone to grainstone) have been preserved within a small volume.
The results from this study suggest that the degree of vertical and lateral heterogeneity in
preserved carbonate successions is often more complex than what can be observed in modern
depositional environments, where sediments can generally only be observed in two dimensions,
at an instant in time. Data from this study demonstrate the value of using two overlapping GPR
datasets at differing resolutions to image the internal characteristics of a complete carbonate
depositional package in three dimensions. From these datasets, a depositional model similar to
other Holocene and Pleistocene carbonate depositional models is derived.
Keywords: carbonate sedimentology, heterogeneity, ground-penetrating radar, radar stratigraphy,
sand wave, tidal channel, Pleistocene, limestone, oolitic reservoir, Andros, Great Bahama Bank,
Bahamas, depositional model, Holocene analog
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INTRODUCTION
Studies of Bahamian Holocene carbonate depositional environments over more than 50
years have revealed the complexity and heterogeneity among surface sediments at the platform,
shoal, barform, and bedform scales (e.g., platform: Purdy 1963; Reijmer et al. 2009; Kaczmarek
et al. 2010; Rankey and Reeder 2010; Harris et al. 2015; shoal: Purdy 1961; Hine 1977; Harris
1979; Halley et al. 1983; Reeder and Rankey 2008; Rankey and Reeder 2011; barform: Ball
1967; Rankey et al. 2006; Reeder and Rankey 2009; Harris et al. 2011; bedform: Imbrie and
Buchanan 1965; Gonzalez and Eberli 1997; Rankey and Reeder 2012). These studies have
focused primarily on the depositional aspect of future stratigraphic successions, including the
creation, diminution, transport, and biological buildup and breakdown of carbonate sediments.
Some studies have attempted to characterize the internal nature of Holocene sediment packages
by using core and/or high-frequency seismic reflection profiles to explore how these successions
are translated into the stratigraphic record (e.g., Harris 1984; Major et al. 1996; Cruz 2008;
Sparks and Rankey 2013). While these studies are important for understanding the spatial
distribution and geometric attributes of carbonate sediments at a snapshot in time, they
necessarily omit important questions related to the erosion and ultimate preservation of carbonate
sediments as they are observed in the rock record. These additional factors exacerbate the
already complex heterogeneity that exists within Holocene carbonate depositional models, but
are critical components in understanding the ultimate lithification of ancient carbonate systems
and their relation to carbonate hydrocarbon reservoirs and groundwater aquifers.
Efforts to validate modern, Holocene conceptual depositional models in the rock record
have been fairly successful (Strasser and Davaud 1986; Boardman et al. 1993a; Major et al.
1996; Cruz et al. 2006; Harris 2010), but often lack the three-dimensional (3D) heterogeneity,
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depositional topography and geomorphology of individual sedimentary structures such as
barforms, bedforms and tidal channels, and how these structures interact spatially and temporally
over short distances. These sedimentary structures are some of the most studied and easily
recognizable features in the Holocene, yet their 3D architecture often goes unnoticed in outcrop
and core studies (see Grammer et al. (2004) for a discussion on the limitations of modern and
outcrop analogs for reservoir modeling).
In a summary of modern barform and bedform geomorphology and sedimentology,
Rankey and Reeder (2012) posed the question, “are relationships between the morphology and
facies comparable to those documented herein preserved and discernable in the rock record?”
This project addresses this question, thus testing the hypothesis that Bahamian Holocene models
of geomorphic forms and stratigraphic stacking patterns in carbonate sediments can inform our
understanding of nearby onshore Pleistocene carbonate strata. This study uses 3D groundpenetrating radar (GPR) to investigate the degree of sedimentary heterogeneity in a Pleistocene
carbonate platform deposit on Andros Island. We also test the hypothesis that much of the facies
architecture of a carbonate environment is preserved intact into the ancient record. In this way,
geologists can use 3D GPR imaging of Pleistocene carbonate deposits as analogs for modern
carbonate platforms, as well as for ancient carbonate hydrocarbon reservoirs.

GEOLOGIC SETTING
Andros, the largest island in the Bahamas, is part of the Great Bahama Bank, an isolated
carbonate platform located ~100 km east of southern Florida (Fig. 1). The Pleistocene island is
bordered to the west by muddy lagoonal sediments, to the east by an active barrier reef and the
deep (> 1,500 m) Tongue of the Ocean, and to the north and south by oolitic and skeletal sand
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Fig. 1.—A) Regional location map showing the flat-topped, isolated carbonate platforms of the Bahamas and
adjacent deep ocean waters (SOF = Straights of Florida; NPC = Northwest Providence Channel; TOTO = Tongue
of the Ocean). B) North Andros Island and nearby Joulters Cays (box in part A), with the location of the study area.
C) Location and layout of the Red Bays study site (star in part B), indicating the positions of the two 3D GPR
surveys, the four profiles discussed in the text (A–D), and the three cores (RB1, RB2, and RB3). Note the basketball
court and buildings for scale. Images copyright of Microsoft Corporation.

bodies (Illing 1954; Newell et al. 1959; Purdy 1963; Traverse and Ginsburg 1966; Ball 1967;
Reijmer et al. 2009; Harris et al. 2015). In contrast to many other Bahamian islands, outcropping
strata on Andros consist almost entirely of Late-Pleistocene (early Sangamonian), marine isotope
stage 5e limestone (Lucayan Limestone, Beach and Ginsburg (1980); Units IV and V from
Kindler and Hearty (1996)), the same subsurface limestone imaged in our study (see Carew and
Mylroie (1989) for a description of South Andros Island geology). The eastern edge of Andros
Island contains numerous Pleistocene eolian dunes that follow the general trend of the shoreline,
and form the only significant topography on the island (~20 m maximum) (Fig. 2). The majority
3

Fig. 2.—Map of the surficial rocks (< 0.5 m) of northern Andros Island (lower) and Joulters Cays modern ooid shoal
complex (upper), showing similarities between modern and Pleistocene geomorphology and ooid distribution. Note
that no surficial rocks with ooid concentrations greater than 75% have been found on Andros. Modified from
Bergstrand (1991) and Boardman et al. (1993a).
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of the island is less than 5 m above mean sea level, and the study area is approximately 3.1 m
above mean sea level (Bergstrand 1991).

Fig. 3.—Photograph from Joulters Cays ooid shoal complex depicting an environment that is probably similar to the
Pleistocene paleoenvironment (at one point in time) imaged in this study, with shoal sands migrating over a
burrowed, stabilized sand flat (photograph courtesy of Mitch Harris).

Joulters Cays, located ~10 km north of Andros (Figs. 1B, 2, 3), is a well-studied modern
ooid shoal complex that has been the subject of numerous studies focused on characterizing ooid
shoal environments and sub-environments as analogs to ancient oolitic deposits (Friedman 1970;
Ottmann et al. 1973; Harris 1977; Harris 1979; Strasser and Davaud 1986; Major et al. 1996).
Regional studies of the surficial rocks of north Andros Island suggest that this area developed as
a Joulters Cays-style ooid shoal complex (Bergstrand 1991; Carney and Boardman 1991; Troska
1992; Boardman et al. 1993a; Boardman et al. 1993b). This is indicated by geological features
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that reflect the modern depositional trends and sedimentology described at Joulters Cays,
including 1) the geomorphology of ridges, lowlands and channels, 2) the dominant presence of
ooid-peloidal grainstones across the northern part of the island, and 3) the spatial distribution of
ooid- and peloid-dominated rocks (Fig. 2). These studies, along with other studies from around
the Bahamas, indicate that the surficial Pleistocene rocks of Andros were deposited roughly
125,000 years ago, when mean sea level was 3 to 9 m higher than present-day sea level
(Neumann and Moore 1975; Garrett and Gould 1984; Kindler and Hearty 1996; Dutton and
Lambeck 2012; O’Leary et al. 2013; Usdun 2014).

METHODS
Ground-Penetrating Radar
Ground-penetrating radar is used to image the shallow subsurface (typically, 3–30 m
depth for studies of carbonate rocks) at greater resolution than high-frequency seismic methods.
In geological applications, frequencies of 50 to 600 MHz result in resolutions in the centimeter to
decimeter scale that fill the gap between the seismic and micrometer (XRD, SEM, FTIR, solid
state NMR, etc.) scales of geophysical studies of carbonate rocks. In 2003, Bristow and Jol stated
that “carbonate sedimentologists [were] lagging behind their clastic colleagues in applying GPR
to limestones or carbonate sediments.” Over the last decade, however, GPR has proven to be a
useful tool in examining the fine-scale sedimentologic (Asprion and Aigner 2000; Dagallier et al.
2000; Grasmueck and Weger 2002; Franseen et al. 2007; Neal et al. 2008; Nielsen et al. 2008;
Asprion et al. 2009; Jorry and Bievre 2010; McBride et al. 2012), diagenetic (Knoph 2011; Reis
et al. 2014), and structural (Grasmueck et al. 2004; Jeannin et al. 2006; Grasmueck et al. 2013)
patterns and properties of carbonate rocks. Many other studies have been designed specifically to
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be used as analogs in understanding fluid flow and compartmentalization within carbonate
hydrocarbon reservoirs and aquifers (Truss et al. 2007; Tsoflias 2008; Grasmueck et al. 2010;
Dogan et al. 2011; Forte et al. 2012; Jahnert et al. 2012; Mukherjee et al. 2012; Marchesini et al.
2013).
For this study, two 3D GPR surveys were collected during a period of 2.5 days over the
flat, grassy area of the Red Bays schoolyard in northwest Andros Island in February, 2013. This
site was selected out of nine locations around the island based on data quality and well-defined
subsurface sedimentary structures.
The two datasets were collected using GSSI (Geophysical Survey Systems, Inc.) antennas
with center frequencies of 200 and 400 MHz. The 200 MHz survey measured 61 m x 61 m, and
was collected by towing the antenna in unidirectional parallel lines roughly east to west spaced
0.61 m. The data were acquired in continuous mode with a sample rate of 1024 samples/trace
over 300 ns (3.4 samples/ns), ~39 traces/m, and the field frequency filter set at 50–600 MHz. In
order to better resolve the lateral and vertical spatial interaction between the shallower features
(< 3 m depth), a 400 MHz (Fig. 4), 35.8 m x 29.6 m 3D GPR dataset was collected with the
survey direction optimized to image an apparent clinoform and its foresets identified by the 200
MHz survey (i.e., the profiles were collected parallel to the dip of the foresets). This survey was
collected in parallel lines from southeast to northwest spaced 0.3 m. These data were also
acquired in continuous mode, but with a sample rate of 2048 samples/trace over 100 ns (20.5
samples/ns), ~79 traces/m, and the field frequency filter set at 100–800 MHz. Data processing
used GPR-SLICE© and GSSI RADAN® software, and included wobble and low-frequency
background removal, modified automatic and exponential gain control, frequency bandpass
filtering, 2D Kirchhoff migration, and time-to-depth conversion using an appropriate
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electromagnetic wave velocity. In order to merge the 200 and 400 MHz datasets, both were
resampled to an equal sample rate. Processed files were imported to Halliburton GeoProbe®
seismic interpretation software. Interpretation was aided by the application of seismic attributes
commonly used in seismic methods, including instantaneous phase, semblance, and volume
rendering (Keach and McBride 2010; Forte et al. 2012).

Fig. 4.—3D workspace screenshot of reflections representing foresets within a clinoform at the intersection between
the two data volumes. The difference in resolution between the 200 MHz (left) and 400 MHz (right) data volumes is
apparent. Notice the rapid attenuation of radar data beneath the base of the clinoform in the 400 MHz data.

Diffraction hyperbola analyses revealed an average subsurface velocity of approximately
0.07 m/ns (dielectric constant of 18.4), which is comparable to velocities used in other studies of
carbonate rocks (Sigurdsson and Overgaard (1998) used 0.07 m/ns; Neal et al. (2008) used 0.075
m/ns; Takayama et al. (2009) used 0.08 m/ns). This corresponds to a theoretical vertical
resolution of 8.8 cm for the 200 MHz data, and 4.4 cm for the 400 MHz data. However, due to
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preferential attenuation and scattering of higher frequencies, the actual return center frequency is
always lower than the antenna center frequency, meaning that more realistic vertical resolutions
for this study are likely 2–4 cm more than their theoretical resolutions.
In order to obtain a full-resolution 3D GPR survey, line spacing of less than a quarter
wavelength is required (Grasmueck et al. 2005). This equates to a grid spacing of approximately
0.06–0.1 m for a 200 MHz survey and 0.03–0.06 m for a 400 MHz survey. Due to the large
dimensions of the areas being surveyed, along with a lack of centimeter precise positioning
capabilities required by a full-resolution survey, this study was completed using a line spacing of
0.61 m for the 200 MHz survey, and 0.3 m for the 400 MHz survey. This coarser spacing did not
allow for 3D migration of the datasets, but was dense enough to readily resolve the features
identified in the survey area, and served the primary purposes of this study.

Cores
In order to constrain interpretations and further calibrate radar depth conversion, a total of
11.86 m of core was drilled in three boreholes within the confines of the smaller, 400 MHz
survey area (Fig. 1C). Borehole locations were chosen to best represent a clinoform and channel
feature identified during GPR data acquisition (Fig. 5). Boreholes RB1 and RB2 were drilled
through the crest and toe of the clinoform to depths of 5 m and 3.66 m, respectively. The third
hole, RB3, was drilled through the channel feature to a depth of 3.23 m.
Drilling was completed using a gas-powered, handheld auger with a bit diameter of 2.4
cm. Samples were collected, photographed, and bagged every 7.6 cm or 15.2 cm, or as
recoverability permitted, since some mud-rich intervals and cavities were encountered. Thin
sections were prepared from 56 samples collected from the cores and analyzed using standard

9

Fig. 5.—3D views of the 200 MHz and 400 MHz data volumes, with the locations of wells RB1–RB3 shown. The
yellow line represents the horizontal time slice depth. A) The 200 MHz (larger) and 400 MHz (smaller) volumes
highlighting the karstified exposure surface (F1) at ~6 m (vertical view), the chaotic reflectivity of the lagoonal
facies (F1, southeast corner of the 200 MHz volume), the northwest dipping foresets of sand wave (F2), the
heterogeneous, layered fill facies (F3) to the northwest of the sand wave (onlaps the sand wave), and the less ordered
reflectivity of the tidal channel (F4). B) 3D view of the 400 MHz data volume, showing how the closely spaced (0.3
m) profiles are expressed as a horizontal time slice at 14 ns (0.5 m). Yellow lines represent the depth of each time
slice. See Figure 1C for survey and borehole locations.
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comparators for lithology, sorting, and abundance of grain types. Porosity values were
determined using pixel counting (in Adobe PhotoshopTM) of blue epoxy on five
microphotographs from each thin section (Coimbra and Oloriz 2012). Samples not large enough
to be cut for in-situ thin section analysis were sifted using a 0.061 mm mesh screen, then dried
and examined using a binocular microscope.

RESULTS
Radar Surfaces and Radar Facies
Radar surfaces, radar facies, and radar packages, which are defined in the same way as in
seismic stratigraphy (but at a much finer scale), are the building blocks of the radar stratigraphy
for any GPR survey (Mitchum et al. 1977; Neal 2004). Radar surfaces are reflections that define
the boundaries of radar packages and radar facies, and their identification is the first step of an
interpretation strategy. They can be recognized by their shape, dip, continuity, and relationship
(or lack thereof) to surrounding reflections. Radar facies are characterized by their distinctive
configuration, amplitude, continuity, frequency, and relationship between reflections. Their
geometries are defined by systematic reflection terminations against radar surfaces, including
erosional truncation, toplap, onlap, and downlap (Mitchum et al. 1977; Neal 2004). Radar
packages (or sequences) are specifically bounded at top and bottom by unconformities or their
correlative conformities (Van Wagoner et al. 1990). Because of the low mineralogic variability
within the study area, reflections caused primarily by the changes in porosity that occur along
bounding surfaces (Rust and Russell 2001; Cunningham 2004; Franseen et al. 2007). Once radar
surfaces, facies, and packages have been defined, interpretations can be made about the
environmental setting, depositional processes, and sedimentological characteristics (Sangree and
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Widmier 1979). Core data from the study area and outcrop observations from around the island,
along with observations of modern bedforms at Joulters Cays, enhance and constrain these
interpretations.
Five radar surfaces (S1–S5) and five radar facies (F1–F5) were interpreted by
simultaneously mapping reflections within the 200 MHz and 400 MHz data volumes (Fig. 5).
Radar surfaces and radar facies are labeled in stratigraphic order according to the convention
described by Neal (2004), with the prefixes “S” and “F,” respectively. The two GPR surveys
revealed the heterogeneity of one complete Pleistocene sequence, including the depositional
topography and geomorphology of three well-preserved sedimentary structures interpreted to be
a sand wave (F2), tidal channel, and channel chute deposit (F4) (see following descriptions).
S1: Exposure Surface.—Radar surface S1 is an irregular, discontinuous and diffractive
surface that is present throughout the entire 200 MHz dataset, and marks the approximate lower
depth limit of 200 MHz radar penetration (Fig. 6). It has a very low-angle dip (~0.5°) to the west,
varying from a depth of approximately 5.8 m on the east to 6.4 m on the west side of the 200
MHz survey. It is interpreted to be a karstified exposure surface (sequence boundary) due its
irregular and diffractive character, interpreted as voids and karst topography.
F1: Lagoonal Facies.—The lagoonal facies is bounded at its top and bottom by surfaces
S1 and S2, respectively. The lower portion of the lagoonal facies displays low reflectivity and
chaotic reflections, with reflectivity increasing upward (Fig. 6). The upper portion consists of
discontinuous, moderately continuous and continuous reflections (Fig. 7). This increase in
reflectivity from the base to the top of this facies may indicate a slight increase in tidal and wave
energy and/or a decrease in bioturbation through time, thus increasing the organization of the
sediments being deposited. Alternatively, it could simply be the result of decreased resolution
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with depth. Due to these characteristics, and because no single radar surface separates these
upper and lower domains, this facies is interpreted to represent gradual deposition through time
in a muddy lagoonal environment, similar to the lagoonal environment that exists today west of
Andros Island. An analogous facies can be observed at the intersection of Red Bays Road and
Queen’s Highway, approximately 16 km east-southeast of the study area (Fig. 8).

Fig. 6.—Uninterpreted (upper) and interpreted (lower) 200 MHz profile (D) showing the complete radar package
from radar surface S1 to the present day schoolyard surface. See Figure 1C for profile location.

S2: Base of Sand Wave.—Radar surface S2 comprises a laterally continuous to
moderately continuous (generally > 5 m continuity), parallel, strong reflection or set of
reflections with a fairly consistent dip of approximately 2.1° to the northwest (Fig. 7). This
surface is interpreted to be the paleo-lagoonal seafloor, with depth increasing to the northwest,
over which the sand wave of facies F2 was deposited (see following description).
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Fig. 7.—Three uninterpreted (upper) and interpreted (lower) profiles (A–C) from the 400 MHz dataset illustrating
the radar surfaces and radar facies discussed in the text. See Figure 7 for profile locations.

F2: Sand Wave Facies.—Radar facies F2 is a sigmoidal clinoform package consisting of
laterally continuous, parallel to subparallel, high-angle reflections that downlap S2, toplap S3,
and show erosional truncation against S4 (Fig. 7). The clinoform has a maximum thickness of
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1.5 m, and spans a consistent width of approximately 40 m from southeast to northwest (Fig. 9).
From this maximum thickness, it thins rapidly toward the northwest (lee) and gradually toward
the southeast (stoss). Foresets (or groups of foresets) within this facies dip within a range of 12–
31° (19.6° average) to the northwest, and form a tangential contact with the underlying surface
(S2) (Fig. 7).

Fig. 8.—Photographs from the intersection of Queen’s Highway and Red Bays Road, about 16 km east-southeast of
the study site in Red Bays. A) Road-cut along the west side of Queen’s Highway. A burrowed packstone-grainstone
is overlain by a planar and cross-laminated oolitic-peloidal grainstone. This location is much closer to the paleomobile fringe, and therefore has a much higher percentage of ooids than the cores from the study site. B) Exposed
burrows cover the scraped ground along the east side of Queen’s highway, and likely resemble the lagoonal facies
(F1) in the radar data.

Foresets within this facies represent migration through time of what is interpreted to be a
straight-crested (simple), large 2D subaqueous dune (Ashley 1990) or sand wave, which by
definition is a large, flow-transverse bedform related to currents of tidal origin (Allen 1980).
Reconnaissance profiles collected along Red Bays Road revealed the continuation of this same
sand wave along depositional strike, but we found no other sand waves in this area (Fig. 1).
Thus, a true height-spacing relationship required for the classification of dunes (Ashley 1990)
was not possible to calculate, and the term sand wave is used throughout this paper. From the
northeast corner of the 200 MHz survey area to where the sand wave is observed beneath Red
Bays Road represents a distance of approximately 145 m, and indicates that the migrating sand
wave front was at least this length along strike.
15

Fig. 9.—Horizontal time slices from the 400 MHz dataset, with the locations of profiles A–C and wells RB1–RB3
shown. A) Time slice at 15 ns (0.53 m) showing the northwest facing sand wave (F2), its subsequent erosion by a
tidal channel and adjacent chute (F4), and the fill facies (F3) to the northwest of these. B) This time slice at 30 ns
(1.06 m) illustrates (from southeast to northwest) the disordered reflectivity of the lagoonal facies (F1), the highly
ordered reflections representing the foresets of the sand wave facies (F2), and the onlapping reflections and
heterogeneity of the fill facies (F3).

S3: Top of Sand Wave.—The top of the sand wave is characterized by a continuous to
moderately continuous reflection that merges with surface S5 (Fig. 7). The maximum dip of this
surface is located along the top of the lee face of the sand wave, which has an average slope
angle of approximately 12° to the northwest (Figs. 10C, 10D). This surface is both downlapped
and onlapped by the fill facies (F3), and is thus interpreted to be a bounding surface until it
merges with the erosional S5 surface (see following descriptions).
F3: Fill Facies.—The fill facies consists mainly of a series of relatively strong, parallel,
continuous reflections that dip 2–5° to the northwest. These reflections downlap surface S3 to the
northwest and onlap surface S3 along the lee face of the sand wave (these reflections are most
evident in Figure 5A). These stronger reflections die out upward, and are intermixed with zones
of low, chaotic reflectivity. Due to the presence of downlap and onlap against the top of the sand
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wave (S3), this facies is interpreted to be heterogeneous sand- and mud-rich deposits that filled
the accommodation space available after deposition of the sand wave facies (F2).

Fig. 10.—Three interpreted surfaces from the 200 MHz data volume (A–C) and one interpreted surface from the 400
MHz data volume. The locations of profiles A–D and wells RB1–RB3 are also shown where applicable. A) The
karstified exposure surface (S1) that makes up the base of this depositional package. B) The basal surface of the
sand wave, or paleo-lagoonal seafloor (S2), over which the sand wave facies was deposited. C) The top of the sand
wave that was migrating to the northwest during deposition (S3), and the tidal channel that subsequently cut through
the northeast corner of the survey area (S4). D) The top of the sand wave as mapped in the 400 MHz data volume.
The higher resolution of this survey is manifest by an abandoned channel chute (or possible crevasse splay) on the
northwest bank of the tidal channel, which is not resolvable in the 200 MHz data volume.
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S4: Base of Channel.—Radar surface S4 is a continuous, concave-up reflection with
maximum dips near its margins (Fig. 10D). This surface truncates foresets within the sand wave
facies (F2), and merges with surface S5 (Figs. 7A, 7B). In cross-section, this surface is mostly Ushaped and symmetric, with a more complex character to the north where it is interrupted by a
convex-upward mound-like feature. The geometric shape and erosional characteristics of this
surface suggest that it represents the base of a tidal channel that cut through the northeastern
portion of the survey areas. The mound-like feature in the northern portion of study area may
indicate that this is just a glimpse of part of a long meander, where more complex deposition is
common (Perillo 2009). Unfortunately, dense vegetation to the north and east of the survey areas
did not allow for further imaging of this radar surface (Fig. 1C).
F4: Channel and Channel Chute Facies.—Radar facies F4 is a 12-m-wide, 1-m-deep
(maximum depth) elongate trough-shaped facies with mostly chaotic and some downlapping fill
(Figs. 7A, 7B, 9A). The fill of this facies is confined to the limits of radar surface S4, which
trends north-northwest through the study area, and curves slightly towards the southeast in the
eastern part of the study area. A smaller (1–4 m wide, ≤ 0.4 m deep), curved, oblong deposit (in
plan view) with chaotic fill is observed in the 400 MHz data volume as a continuation of the
channel facies (Figs. 7A, 9A). This feature is angled toward the northwest on the west side of the
channel facies, and is also confined to the limits of radar surface S4.
The geometric form, chaotic reflectivity, and close relationship of this facies with surface
S4 all suggest that this radar facies represents a tidal channel that was eventually filled with
relatively disordered sediments. The smaller oblong deposit on the west side of this channel is
interpreted to be either a northwest-flowing (during deposition) abandoned chute of the tidal
channel, or a crevasse splay lobe. Due to the concave-up character of the deposit, the channel
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chute interpretation is preferred (Mjos et al. 1993). The angle of this chute and its location along
the outside curve of the tidal channel, along with the mound-like feature on the opposite side of
this channel, indicate a likely dominant channel fluid flow direction from south-southeast to
north-northwest through the study area.
S5: Base of Sand Sheet.—Surface S5 is identified as an irregular, moderately continuous
(~3–10 m length) reflection at ~0.1–0.4 m depth (Fig. 7). This reflection overlies facies F2 where
the sand wave is present, F3 where the fill facies exists, and F4 where the channel dissects the
northeastern part of the survey areas. The transition from the uppermost part of these facies to
this surface is usually sharp, and typically includes an increase in reflection strength where the
surface begins. Besides the irregularities, this surface appears to be virtually horizontal
throughout the study area. Because of its radar characteristics, it is interpreted to be an erosional
surface over which a sand sheet was deposited.
F5: Sand Sheet Facies.—Facies F5 is characterized by a series of 3–5 irregular, often
wavy and parallel, moderately continuous (~3–10 m length) reflections observed from surface S5
to the present-day ground surface (Fig. 7). This facies ranges from approximately 0.1 to 0.4 m
thick throughout the study area. It is interpreted to be a sand sheet deposited during the final
stage of deposition in this area, with the wavy, irregular reflections possibly representing small
dunes and ripples common on the tops of modern sand sheets (Fig. 3; Imbrie and Buchanan
1965).
It should be noted that the uppermost part of the radar data is degraded by dissolution,
man-made alteration of the ground surface, and the noise effects of the direct wave removal, thus
weakening the coherency of the upper-most reflectivity. On the other hand, the grading
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completed by heavy equipment to level this playing field is clearly visible in the upper 6 cm of
the 400 MHz data, and supports the cogency of the collected data.

Sedimentology of the Radar Facies
Cores RB1, RB2 and RB3 are described in terms of their texture (Dunham 1962), grain
type and size, sorting, sedimentary structures, and presence or absence of caliche (Flügel 2010).
The cores provide details on the spatial and temporal sedimentologic variability over short
distances, and provide ground truth for interpreting the GPR data.
Sedimentology of the Lagoonal Facies (F1).—The lagoonal facies was penetrated in all
three boreholes, and is easily recognized by its relatively high mud content (Fig. 11). It is a
highly burrowed, poorly sorted peloidal-skeletal wackestone-packstone with very few ooids (<
1%) and varying amounts of aggregate grains (< 1–25%) (Fig. 12). It appears to be similar to the
low-energy, muddy sediments accumulating on the lee side of Andros Island today (Cloud 1962;
Purdy 1963; Reijmer et al. 2009). Pixel counting of thin section microphotographs revealed an
average porosity of 3.31%, with maximum and minimum porosities of 12.78% and 0.13%,
respectively. The grain size of this facies does not appear to fine or coarsen upward.
Sedimentology of the Sand Wave Facies (F2).—The sand wave facies is a moderatelyto well-sorted peloidal-oolitic grainstone and is recognized in all three cores (Fig. 11). Core RB1
contains the thickest section of this facies, with ~1.38 m identified. Core RB2, located just 9 m to
the northwest, contains only 0.57 m of this same facies (Fig. 11). Some thin sections within this
facies display very thin to thin cross-lamination, with lamination thicknesses of approximately 2
mm, and zones of higher porosity ≤ 1 mm thick between these laminations (Fig. 12). The higher
porosity zones likely represent lamination planes, and appear to have slightly coarser grains
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Fig. 11.—Lithological logs and porosity values of the three boreholes from the Red Bays 400 MHz survey area. The
upper 3.5 meters of the core borings are shown, where most of the detail occurs in the GPR data. Cross-lamination is
discernible in thin section only in parts of facies F2, and is inferred here from the GPR data along with the depth of
the tidal channel, which is difficult to distinguish from the sand wave in core. See Figure 1 for core locations, and
Figure 12 for microphotographs from these cores.

overall than the laminations between them. This facies has an average porosity of 5.01%. It is
interesting to note that out of the five radar facies, F2 has both the highest maximum and lowest
minimum observed porosities, at 21.9% and 0.09%, respectively.
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Fig. 12.—Representative thin section microphotographs from radar facies F1 to F3, labeled in cm depth. Note that
the fill facies was only penetrated by borehole RB2, which was drilled 9.1 m northwest of RB1. See text for a
description of each facies. All images have the same scale.

Sedimentology of the Fill Facies (F3).—The fill facies is a heterolithic facies
comprising poorly sorted peloidal-skeletal wackestones and packstones with intermittent beds of
peloidal-oolitic grainstone (Figs. 11, 12). This facies is observed only in core RB3 (Fig. 7C), and
has an average porosity of 3.35%, a maximum porosity of 8.63%, and a minimum porosity of
0.42%. These porosity values are fairly similar to those of the lagoonal facies (F1). The
heterogeneous pattern observed within this facies probably represents a transition back into a
lower-energy, lagoonal-type facies, with intermittent sheets of higher-energy sand deposits being
transported from nearby shoals to the east, possibly during storms. Caliche occurs at a depth of
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1.13–1.23 m in core RB2, near the base of this facies (F3). Caliche at such a depth is not
uncommon in Bahamian carbonate rocks, and is likely the result of meteoric water pooling and
evaporating over 120,000 years of seasonal fluctuations in precipitation (James 1972; Robinson
1967).
Sedimentology of the Channel and Channel Chute Facies (F4).—The channel and
channel chute facies was penetrated only by borehole RB3 (Fig. 7A). It is a grainstone that
appears very similar to the sand wave facies (F2), with slightly coarser, moderately- to wellsorted peloidal-oolitic sediments dominating (Fig. 13). In thin section, this facies generally
contains less cement than the sand wave facies. As a result, it has the highest average porosity of
the five facies of 9.55%, and has maximum and minimum porosities of 13.89% and 4.81%,
respectively.
Sedimentology of the Sand Sheet Facies (F5).—The sand sheet facies is recognized as a
packstone-grainstone in the top part (≤ 0.4 m) of all three cores, and is characterized by a slightly
larger grain size, a decrease in sorting compared to the grainstones of facies F2 and F4, and the
seemingly random presence of caliche (Figs. 11, 13). Caliche is evidence of prolonged exposure,
and is present at the surface and in the shallow subsurface throughout north Andros Island
(Bergstrand 1991). It is characterized in these cores as irregular, subhorizontal laminated crusts
that bind grains, dissolution features, blackened sand-sized grains, and minor brecciation (James
1972; Scholle and Scholle 2003). These features are typically preserved in more ancient
carbonate rocks, and are important indicators of subaerial exposure (Bain and Foos 1993). While
this facies was observed in only three thin sections, it typifies the variability in porosity that
commonly exists in calichified carbonate rocks: maximum and minimum porosities of 12.78%
and 0.13%, respectively, were observed, with an average porosity of 3.31%.
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Fig. 13.—Representative thin section microphotographs from radar facies F4 and F5, labeled in cm depth. Note that
the channel facies was only penetrated by borehole RB3. See text for a description of each facies. All images have
the same scale.

RELATIONSHIP BETWEEN CORE SEDIMENTOLOGY
AND RADAR SURFACES AND FACIES
One might expect correlations between boreholes over such a small area to be relatively
simple. Yet without the use of 3D radar data, the correlations would have proven to be much
more complicated and likely inaccurate, and the geomorphic features obvious in the radar data
would be left unseen in the cores.
Only one of the four radar surfaces penetrated by the boreholes is recognized as a distinct
boundary in the cores. This surface is the base of the sand wave facies (S2), which is
characterized in core RB1 as a coarse shell hash (bivalves and gastropods) with an increase of
aggregate grains and Conus shells. Radar surface S2 is the most coherent and laterally
continuous reflector imaged by the radar surveys.
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Four of the five radar facies are readily distinguishable in the cores. The channel and
channel chute facies (F4), however, is difficult to distinguish from the sand wave facies (F2) in
the core, but is easily recognizable in the radar volume (Fig. 9A). We suggest that as the channel
eroded through the sand wave, it transported and deposited grains that were nearly identical in
composition to the sand wave being eroded. Because laminations were recognized in only some
portions of the sand wave facies (F2), these two facies are virtually indistinguishable from each
other without the use of radar data.
By integrating core and radar data, it is possible to interpolate the sedimentological
characteristics of the radar data within the confines of the two 3D GPR surveys. In this case,
areas of low reflectivity, chaotic reflections, and discontinuous reflections in the radar data
correspond to the burrowed, mottled and/or disorganized textures identified in the cores. The
well-organized, parallel to subparallel, continuous to moderately continuous reflections in the
radar data correspond to the laminated grainstones identified in the cores (Fig. 8). It is worth
noting that the radar characteristics in this case are determined not by lithology, but rather by the
ordered versus disordered nature of the sediments themselves (e.g., both the grainstones of the
channel facies and the wacke-packstones of the lagoonal facies exhibit chaotic reflections and
low reflectivity).

DISCUSSION
Paleoenvironmental Reconstruction
The depositional package from the karstified exposure surface at ~6 m depth up to the
present-day schoolyard surface forms an overall upward-shallowing succession similar to those
recognized in Holocene and other Pleistocene stratigraphic studies from shallow marine
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environments in Florida and the Bahamas (Fig. 14) (Holocene: Harris 1979; Major et al. 1996;
Cruz 2008; Sparks and Rankey 2013; Pleistocene: Cruz 2008; Neal et al. 2008; Usdun 2014).
These types of shallowing-upward successions have also been documented in studies of older
carbonate rocks, many of which reference the Bahamas as a modern analog to these depositional
packages (e.g., Ottmann et al. 1973; Todd 1976; Handford 1988; Bruno et al. 1991; Keith and
Zuppann 1993; Harris and Weber 2006; Esrafili-Dizaji and Rahimpour-Bonab 2014). These
depositional packages are characterized in general by an upward increase in sorting and
percentage of ooids, and an upward decrease in mud content and bioturbation.
The limestone imaged in this study was deposited during the last interglacial period
approximately 127–116 ka, when sea level was 3–9 m higher than today (Neumann and Moore
1975; Dutton and Lambeck 2012; O’Leary et al. 2013).The karstified exposure surface identified
at ~6 m likely represents the boundary between early and late substages of Marine Isotope Stage
(MIS) 5e (Thompson and Goldstein 2005; Hearty et al. 2007).
By assuming that the shallow subsurface rocks of northern Andros were deposited in a
manner similar to those on the nearby modern shoal complex at Joulters Cays (Bergstrand 1991;
Boardman et al. 1993a), the following sequence of deposition is suggested for the bankward
position of the study area (Fig. 15): (1) Low-energy lagoonal sediments, similar to those
accumulating west of Andros Island today, are deposited in situ over a preexisting Pleistocene
bedrock surface during an initial bank-flooding stage (Figs. 15A, 15B). As sea level continues to
rise, tidal energy from the platform edge eventually begins to influence deposition, and
bioturbation begins to decrease in the study area. (2) Peloidal-oolitic sands, originating 100s to
1000s of meters east or southeast of Red Bays, are transported platformward and deposited as a
northwest-migrating sand wave (Fig. 15C). (3) A tidal channel develops and carves its way
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Fig. 14.—Representative geophysical profiles from three separate studies showing carbonate depositional sequences
from the present-day surface to a deeper reflector interpreted as a sequence boundary (dashed red line). See Figure 9
for a similar package from the current study. A) 2D CHIRP sonar data acquired across the modern ooid shoal at Cat
Cay, Bahamas, with a sequence thickness of ~5.5 m (profile courtesy of Francisco Cruz). B) 2D CHIRP sonar data
acquired across the modern ooid shoal at Lily Bank, Bahamas, with a sequence thickness of ~8 m (profile courtesy
of Gene Rankey and Andrew Sparks). C) A 2D GPR profile selected from a 250 MHz full-resolution 3D GPR
dataset acquired from the Miami Limestone at Ingram Park in Miami, Florida, U.S.A. with a sequence thickness of
~5.5 m from the present-day surface to the Plio-Pleistocene boundary (profile courtesy of Adrian Neal).

through a ~12-m-wide, ~1-m-deep portion of the sand wave (Fig. 15C). (4) The remaining
accommodation is filled with alternating sand- and mud-rich sediments derived from in-situ
organisms and from erosion of the nearby barforms and bedforms of the shoal, possibly during
storms (Fig. 15D, alternating brown and yellow layers northwest of the sand wave). (5) As sea
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level stabilizes, an oolitic-peloidal sand sheet is deposited over the upper ~0.1–0.3 m of the study
area, which is calichified over the next 120,000 years following sea level fall (Fig. 10D).
Studies of the surficial rocks by Bergstrand (1991) and Boardman et al. (1993b) reinforce
the idea that much of northern Andros Island existed as a sand sheet just before sea level began
to fall approximately 120,000 years ago. Of the 99 surficial samples (mostly < 0.5 m depth)
analyzed across northern Andros Island by Bergstrand (1991), including areas near the study site,
90 were oolitic, pelloidal, or skeletal grainstones, 7 were packstones, and only a single sample of
a wackestone and a boundstone were identified. In contrast, many wackestones and packstones,
along with three mudstone samples, were observed in thin section below the uppermost sand
sheet facies in the present study area (Fig. 12).
The dimensions of the paleo-sand wave observed in this study, its formation and
migration transverse to fluid flow, and its dominant composition of relatively fine peloids and
ooids all indicate paleocurrent velocities that were high enough to transport sediments to this
location. The ooids observed throughout the cores, particularly in the sand wave facies, likely
originated kilometers to the east or southeast of Red Bays towards the shelf edge. The currents
that transported this sand wave were likely flood-dominated with tidal flow coming from the
paleoshelf margin located about 18 km to the east. Relatively fine-grained sediment transport in
analogous modern environments often occurs at similar distances from the platform margin, such
as at northwestern Joulters Cays shoal complex (See Figs. 1B, 2, 3; Harris 1979; Harris et al.
2011).
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Fig. 15.—Generalized depositional model for the study area on northwest Andros Island. Note the overall coarsening upward succession of the deposits through
time, similar to observations from other studies in the Bahamas and elsewhere. A) An exposed surface with karst topography. B) Sea level rises and begins to fill
the newly formed accommodation space. C) Sea level rises enough for tidal currents to start transporting sediments from the east, and a sand wave migrates
northwest through part of the study area. This sand wave is subsequently dissected by a north-northwest to south-southeast flowing tidal channel. D)
Heterogeneous sand and mud rich deposits fill the accommodation space northwest of the sand wave. Finally, as sea level begins to fall, a sand sheet covers the
entire area. Continued sea level fall exposes this surface up to the present day.
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Validity of Holocene Conceptual Models
Numerous studies of Holocene shallow marine carbonate sediments in the Bahamas have
shown that carbonate sedimentology is complex and can vary dramatically within a single
depositional complex and water depth (Rankey 2004; Purkis et al. 2005; Harris et al. 2014). The
heterogeneities in these modern examples become only more complex with time, with the
progression of erosion and diagenesis. Because the erosion and final resting place of Holocene
carbonate sediments cannot be actively observed, it is reasonable to question the degree to which
Holocene analogs apply to the rock record. Unlike modern observations, which allow the study
of sedimentary structures at one moment in time, 3D GPR reveals how these features interacted
spatially and temporally through time. It also exposes their preserved 3D geometries, which give
insights into erosional and diagenetic processes. This paper represents the logical next step of
seeking to validate Holocene conceptual models in geologically young (Late Pleistocene)
limestones located adjacent to their modern analogs.
With few exceptions, the details of the generation and dynamics of carbonate sand waves
and other bedforms have not been systematically studied in the Bahamas (Imbrie and Buchanan
1965; Hine 1977; Gonzalez and Eberli 1997), and thus warrant further investigation if Holocene
models of the geometry and internal structure of these bedforms are to be used throughout the
geologic record. In a detailed study of one active oolitic-bioclastic sand wave positioned within a
modern tidal channel, Gonzalez and Eberli (1997) observed a 4 m platformward migration of this
sand wave over a period of 37 days. The entire sand wave was covered with various types of
ripples and small dunes during both flood and ebb tides. Measurements of the lee slope of the
sand wave during flood tide ranged between 12° and 39° (mean = 24.2°), which is steeper than
most documented siliciclastic sand waves (see Gonzalez and Eberli (1997) for details).
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By comparison, the Pleistocene sand wave observed in this study appears to have
geometries that are similar to modern carbonate sand waves (Hine 1977; Gonzalez and Eberli
1997). Since no other sand waves were observed ~150 m to the northwest and ~100 m to the
southeast of our surveys, water depth is assumed to be greater than shallow intertidal or subtidal
during the time of deposition (Allen 1980). While most of the sand wave in this study appears to
be well preserved, the top surface of parts of the sand wave have an irregular form. This could be
attributed not only to erosion before its final preservation, but also to the ripple- and small dunecovered nature of Holocene sand waves. As mentioned earlier, the foresets within this
Pleistocene sand wave have an average slope of 19.6° to the northwest, with a maximum slope of
31°. This slope falls within the range of 12–39° for the lee of the modern carbonate sand wave
described by Gonzalez and Eberli (1997). The lee face of the paleo-sand wave in our study has
an average slope angle of 12.1°. The reason for this lower angle is likely due to subsequent
erosion of the lee face following the cessation of the migrating sand wave. Thus, the foreset
angles measured in this paleo-sand wave appear to be similar to the sand wave lee measurements
recorded by Gonzalez and Eberli (1997), but the preserved lee face of the paleo-sand wave is not
preserved at the same angle as its internal foresets.
Holocene tidal channels with various dimensions and energy regimes have been studied
in a variety of carbonate depositional environments (Jindrich 1969; Shinn et al. 1969; Mitchell
1987; Carney and Boardman 1993; Cummins et al. 1995; Rankey and Morgan 2002;
Jarochowska 2012; Maloof and Grotzinger 2012). These studies indicate that tidal channel
deposits generally consist of sediments derived from their surrounding environment, with the
size and sorting of the sediments dictated by the velocity of currents passing through them. Cores
from tidal channels show that deposition can vary through time due to changes in depositional
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barriers, sea level, and climatic conditions. Studies of modern tidal channels in high-energy ooid
shoals have sometimes documented pure lime mud layers enclosed within higher energy ooid
deposits. (Boardman and Carney 1991; Carney and Boardman 1993; Shinn et al. 1993).
The preserved tidal channel imaged in this study measures approximately 12 m wide and
has a maximum depth of 1 m. Since this tidal channel was presumably dissecting a peloidaloolitic sand wave and shoal complex as observed in the GPR data, its core sedimentology is
virtually identical to that of the sand wave (Figs. 9A). The lack of mud (observed in core) and the
presence of a channel chute or crevasse splay deposit (observed in the 400 MHz radar data)
suggest that this was a relatively high-energy tidal channel during its formation and subsequent
fill (Fig. 13).

CONCLUSIONS
This study offers a first look into the three-dimensional facies, sedimentary structures,
and paleoenvironment of a shallow marine carbonate platform deposit in the Bahamas. The data
reinforce the utility of 3D GPR imaging as a tool for reconstructing the process sedimentology of
carbonate deposits, including insights into channel and sand wave migration and internal
structure, carbonate accumulation patterns, and non-depositional and erosional events.
Furthermore, the use of two separate 3D GPR datasets display different features at different
resolutions: a channel chute deposit is visible only in the 400 MHz data, and an erosional surface
at ~6 m is visible only in the 200 MHz data. By first completing a broad, lower resolution (200
MHz) survey, the desired targets and dimensions of a second, higher resolution (400 MHz)
survey were accurately defined. This rarely used strategy proved to be worthwhile for our study.
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Core data from the study site are difficult to correlate independently, despite distances of
only 9, 15, and 22 m between them, and thus implies considerable heterogeneity in the carbonate
deposits over a relatively small area. Textures within these cores range from mudstone to
grainstone, with changes that sometimes occur abruptly without the presence of exposure
surfaces between them. This indicates that core alone is not adequate to provide information on
the complex 3D architecture and facies relations of carbonate depositional environments, making
a 3D radar volume indispensable.
Our results suggest that the degree of heterogeneity in preserved carbonate successions is
often more complex than what can be deduced from modern depositional environments, where
sediments can be observed at only one moment in time. In the present study, the muds and sands
of the heterogeneous fill facies are preserved immediately adjacent to the previously deposited
peloidal-oolitic sands of the sand wave facies. This illustrates that distinct sedimentary
environments are preserved in the rock record not only in vertical succession, but also side-byside as the adjoining accommodation is filled. The horizontal and vertical distribution of
preserved depositional environments will affect the migration of groundwater and hydrocarbons
along any given stratum.
A depositional model similar to other Bahamian Holocene and Pleistocene models for
northwest Andros is derived from our geophysical and geological dataset. An exposure surface
delineating the boundary between early and late substages of MIS 5e is overlain by bioturbated
lagoonal muds. Continued sea level rise brings tidal energy to northwest Andros, where a highenergy peloidal-oolitic sand wave and tidal-channel sediments are deposited. The area in front of
the sand wave is filled with lower energy muds intermixed with higher energy peloidal-oolitic
sands, and a mud-lean sand sheet eventually covers the entire area before sea level falls and
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subaerially exposes the sequence until the present day. Holocene stratigraphic successions, and
the bedforms included therein, appear very similar to the results from this study, and are justified
(in this case) for use as analogs in Pleistocene and more ancient studies of depositional cycles in
carbonate rocks.
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